Abstract Bovine herpesvirus 5 (BHV5) infection of young cattle is frequently associated with fatal neurological disease and, as such, represents an attractive model for studying the pathogenesis of viral-induced meningoencephalitis. Following replication in the nasal mucosa, BHV5 invades the central nervous system (CNS) mainly through the olfactory pathway. The innate immune response triggered by the host face to virus replication through the olfactory route is poorly understood. Recently, an upregulation of conserved pathogenassociated molecular pattern, as Toll-like receptors (TLRs), has been demonstrated in the CNS of BHV5 experimentally infected cows. A new perspective to understand hostpathogen interactions has emerged elucidating microRNAs (miRNAs) network that interact with innate immune response during neurotropic viral infections. In this study, we demonstrated a link between the expression of TLRs 3, 7, and 9 and miR-155 transcription in the olfactory bulbs (OB) of 16 cows suffering from acute BHV5-induced neurological disease. The OBs were analyzed for viral antigens and genome, miR-155 and TLR 3, 7, and 9 expression considering three major regions: olfactory receptor neurons (ORNs), glomerular layer (GL), and mitral cell layer (ML). BHV5 antigens and viral genomes, corresponding to glycol-C gene, were detected in all OBs regions by fluorescent antibody assay (FA) and PCR, respectively. TLR 3, 7, and 9 transcripts were upregulated in ORNs and ML, yet only ORN layers revealed a positive correlation between TLR3 and miR-155 transcription. In ML, miR-155 correlated positively with all TLRs studied. Herein, our results evidence miR-155 transcription in BHV5 infected OB tissue associated to TLRs expression specifically ORNs which may be a new window for further studies.
Introduction
Bovine herpesvirus 5 (BHV5) belongs to the family Herpesviridae, subfamily Alphaherpesvirinae, and genus Varicellovirus (Davison et al. 2009; Davison 2010) . BHV5 is a neurotropic virus that produces neurological disease mainly in young animals worldwide, especially in South American countries (Vogel et al. 2003) . Following primary replication in the nasal mucosa, BHV5 is believed to invade the central nervous system (CNS) mainly through the olfactory route (Vogel et al. 2003; Mori et al. 2004; Perez et al. 2006) . The olfactory mucosa is composed by a neuroepithelium divided into layers organized initially by nasal mucosa, olfactory receptor neurons (ORNs), glomerular layer (GL), cribriforme plate, mitral cell layer (ML), and limbic system (Mori et al. 2004) . The olfactory receptor neurons (ORNs) are bipolar neuronal cells whose axons leave the epithelium, penetrate the cribriform plate, enter the olfactory bulb and, finally, make synapse with the dendrites of mitral cells in the glomerular layer (Mori et al. 2004; Shivkumar et al. 2013) . Mitral cells project to the olfactory and limbic systems, mainly the olfactory cortex and hippocampus, respectively (Mori et al. 2004; van Riel et al. 2015) . During acute infection, BHV5 gains access mostly to the CNS cranial areas, indicating that viral invasion occurs more directly along olfactory neurons (Chowdhury et al. 1997; Favier et al. 2014) . Despite evidences indicating that BHV5 uses the olfactory pathway to invade the CNS, detailed information on the sequential progression of the virus-and the host-mediated immune events-through the OB layers is lacking.
Toll-like receptors (TLRs) are a broad family of conserved innate immune receptors that recognize pathogen-associated molecular patterns (PAMPs) (Xagorari and Chlichlia 2008) . TLRs 3, 7, 8, and 9 are expressed in intracellular vesicles and recognize nucleic acids from viral origin (Cardoso et al. 2016a) . Cattle experimentally infected with BHV5 showed an overexpression of TLRs 3, 7, and 9 in the frontal cerebral cortex, including the OBs, during acute infection and/or following virus reactivation (Marin et al. 2015) . We have previously demonstrated that the host immune response and inflammation play a crucial role in the pathogenesis of acute encephalitis by BHV5 in cattle (Cardoso et al. 2016b) . In many aspects, there is a consensus that BHV5 acute infection induces activation of proinflammatory cytokines and chemokines that eventually lead to brain injury, especially in frontal cortices (Marin et al. 2015) . However, the portion/areas of the OBs more affected by inflammation process remain unclear.
MicroRNAs (miRNAs) represent small RNA species composed by~20-14 nucleotides found in virtually all living organisms (Grey 2015; Sorel and Dewals 2016) . Mature miRNAs are able to cause either mRNA degradation or translational repression regulating physiological process by target genes after their transcription (Glazov et al. 2009 ). Moreover, host miRNAs control herpesvirus infection by inhibiting viral or host transcripts (Piedade and Azevedo-Pereira 2016; Powdrill et al. 2016; Dickey et al. 2017) . Recent data indicate that miR-155 plays a critical role in immunity, inflammation, and viral infections (Bhela et al. 2014; Dickey et al. 2016 ). Moreover, miR-155 is expressed in a variety of immune cells, including B cells, macrophages, types of T cells, NK cells, and dendritic cells Dickey et al. 2017 ). In addition, miR-155 modulation may act to control Japanese encephalitis virus infection (Pareek et al. 2004) and to enhance T cell trafficking in a model of coronavirus-induced neurological disease (Dickey et al. 2016) . In fact, a number of studies have demonstrated that T cell responses are impaired in the absence of miR-155 during infection with some neurotropic viruses (Bhela et al. 2014; Bhela et al. 2015; Dickey et al. 2016; Dickey et al. 2017) . Recently, induction of miR-155 was associated to HSV1 acute encephalitis in a mouse model (Majer et al. 2017 ). Considering the finding described for HSV1 encephalitis (Shivkumar et al. 2013; Bhela et al. 2014; Grey 2015; Sorel and Dewals 2016; Majer et al. 2017) , it would be worth to investigate miRNA expression in the CNS during BHV5 infection.
In this study, we investigated TLRs 3, 7, and 9 transcription associated with the distribution of BHV5 antigens and genome in OB portions/layers of cattle naturally infected with BHV5. In addition, expression of host miR-155 was also examined. The results were compared in order to describe a possible participation of these components in the pathogenesis/immune response in natural BHV5 acute infections.
Materials and methods

Olfactory bulb samples
Brains of 16 cattle with positive diagnosis of acute BHV5 neurological disease (Cardoso et al. 2016b ) and from eight healthy cattle were obtained from routine pathological diagnostics at the Laboratory of Animal Virology of University of São Paulo state, Brazil. The brain samples were selected from 38 cattle reported previously (Cardoso et al. 2016b ) based on OB anatomical preservation. All applicable institutional guidelines for the care and use of animals were followed (CEEA 2015/09765). The whole brain was carefully removed, sectioned into two halves and the olfactory bulbs (OB) were gently removed to preserve the anatomical and histological structures. Two fragments of approximately 8.5 mm were collected from each OB ( Fig. 1 ) and stored in RNA later®-ICE (Ambien®, Life Technologies™, Carlsbad, CA, USA) at − 86°C for molecular analysis, and immersed in 10% formalin for immunofluorescence in histological sections (Marin et al. 2015; Vogel et al. 2003) .
BHV5 antigen detection in OBs
Briefly, OB histological slides (infected and controls) prepared as described previously (Cardoso et al. 2016b) were hydrated for 15 min followed by incubation overnight at 4°C with 1:50 diluted monoclonal antibody to BHV5 (BHV52F9) (Goldoni et al. 2004 ) and 1:100 diluted N200 monoclonal antibody (Sigma-Aldrich®) produced against neurofilament. After three washes, slides were incubated with the respective goat secondary antibody (1:100) anti-mouse FITC (Sigma-Aldrich®) and nuclear staining was performed with 1 mg/ml of DAPI (4′-6-diamino-2-phenylindole; SigmaAldrich®) was diluted in Fluormount™ aqueous medium. The images were collected under an AxioImager® A.1 light and an ultraviolet (UV) microscope connected to an AxioCam®MRc (Carl Zeiss, Oberkochen, Germany). The images were processed using AxioVision® 4.8 software (Carl Zeiss) for viral antigen detection and neuron cells.
BHV5 DNA detection by quantitative real-time polymerase chain reaction
Briefly, total DNA from each OB region and respective negative control was extracted using DNAzol™ according to manufacturer's instructions (Invitrogen®). An average of 100 ng of genomic DNA were used for quantitative real-time polymerase chain reaction (qPCR) and BHV5 primers and respective probes developed for glycol-C gene were used as described previously (Cardoso et al. 2016b ). The data obtained from three replicates were carried out by qPCR reaction and analyzed by the software on a StepOnePlus™ real time instrument (Applied Biosystems®). Housekeeping Histone 2a gene (H2A) was used for normalization and comparative delta-delta Ct method applied to analyze the results (Livak and Schmittgen 2001) .
RNA extraction, RNA integrity and cDNA generation OB samples stored at − 80°C in RNAlater™ (Ambien, Paisley, UK) were thawed on ice and RNA extracted using a Trizol™ protocol according to manufacturer's instructions (Invitrogen®) with a DNase digestion step to remove contaminating genomic DNA using TurboDNase™ (Ambien, Paisley, UK). RNA concentration was determined using the Nanodrop™ ND-2000 spectrophotometer (ThermoScientific, Wilmington, DE, USA) and samples were diluted in nuclease-free water appropriately to give a final concentration of 40 ng/μL per sample. The RNA integrity was determined using an Agilent 2100 Bioanalyzer™ (Agilent Technologies, Waldbronn, Germany). All samples included in this study had an RNA Integrity Number (RIN) value in excess of six. cDNA was generated using an Enhanced Avian™ RT First Strand Synthesis Kit (Sigma-Aldrich®), aliquoted and stored at − 20°C.
Molecular quantification of miR-155 and Toll-like receptors 3, 7, and 9
The qPCR was applied in order to quantify TLR 3, 7, and 9 genes using a single tube assay from 100 ng of cDNA prepared. Both TaqMan™ FAM-MGB primers and probes: TLR3 Bt03210267_m1 (cat # 4351372), TLR7 Bt03225261_s1 (cat # 4351373), and TLR9 Bt03224812_m1 (cat # 4331182). The expression of the housekeeping Histone 2a gene was also quantified in a similar way as viral DNA. The qPCR reaction was conducted as described previously (Cardoso et al. 2016b) .The same amount of cDNA applied on TLR3, 7, and 9 transcription was used to detect sequence mature of btamiR-155 (cat # 25576) and amplification was performed using Advanced miRNA Assay™ (Applied Biosystems®). All reactions were carried out and analyzed as described for BHV5 DNA detection.
Statistical analysis
All experiments were performed at least in duplicate. Descriptive statistics included the mean ± standard deviation (s.d.). A p value < 0.005 was considered significant. All statistical analyses were performed using Prism software (GraphPad® v.6, CA, USA). Gene expression values were transformed in logs and correlations were evaluated with Spearman correlation coefficient. The differences between various groups were examined for a significance using the non-parametric Mann-Whitney U test.
Results
BHV5 antigens and genome detection
The control samples, represented by OBs obtained from healthy animals, were included to elucidate the histology of each studied area, ORNs, GL, and ML (Fig. 2a-c, respectively) . The distribution of BHV5 antigens in ONRs, GL, and ML Fig. 1 Schematic overview of the bovine olfactory bulb (OB) regions examined in this study: olfactory receptor neurons (ORNs), glomerular layer (GL), and mitral layer (ML) regions is illustrated in Fig. 2d-f , respectively. The ONRs showed positive fluorescence in olfactory neurons and glomerular layer showed by boxed areas (Fig. 2d, e , respectively). The ML revealed positive BHV5 antigens not associated with mitral cells (Fig. 2f ). After labeled with BHV52F9 monoclonal control, OBs did not show any positive signal for viral antigens in ONRs, GL, and ML regions (Fig. 2g-i) . Detection of BHV5 in the OBs reinforces the role of the olfactory pathway as a route for BHV5 neuroinvasion.
These findings correlated with the distribution of BHV5 genome, since all OBs regions were positive for glyco-C BHV5 expression (Fig. 3a) .
TLR3, TLR7, and TLR9 expression associated to miR-155 transcription
Despite viral expression detected in all OBs regions, only ORNs and ML regions showed TLR3, 7, and 9 upregulation (Fig. 3b) . Moreover, only TLR3 was upregulated in GL, while TLR7 and 9 were downregulated. No positive results were observed among control samples. In regard to miR-155 expression, only TLR3 correlated positively in ORNs, r = 0.92 (Fig. 4a) . No correlation was observed between TLR and miR-155 expression in GL region (Fig. 4b) . However, the highest correlation between the same parameter was found in ML, whereas r > 0.90 was observed in all OBs regions (Fig. 4c) .
Discussion
Toll-like receptors (TLRs) play an important role in host defense against pathogens, including viruses. Among these, TLR3, TLR7, and TLR9 are involved in antiviral responses through cytokine activation, such as the type-I IFNs (Xagorari and Chlichlia 2008) . Studies focusing on the interaction between BHV5 and TLRs in the CNS are scarce (Marin et al. 2015) . The results presented in the present study provide new information on the regulation of TLR3, TLR7, and TLR9 in ORNs, GL, and ML of OBs by association of their expression with miR-155 transcription. Taken together, these data indicate that BHV5 infection may result in a differential expression of TLRs in neural tissues. Basically, TLR3 showed correlation with miR-155 transcription in ORNs, and all studied TLRs were positively correlated with miR-155 transcription in ML.
The olfactory mucosa is an external barrier of the nasal cavity in human and animals (Mori et al. 2004; van Riel et al. 2015; Winkler et al. 2015) . The olfactory neuroepithelium consists of a limited number of cell types, including ORN (Winkler et al. 2015) . The course of neurotropic virus infection may include a latent phase in the OBs and neuroepithelium, representing potential for virus reactivation (Mori et al. 2004 ). For example, HSV1 established latent infection in the murine OBs after experimental infection (Shivkumar et al. 2013 ) and Equine herpesvirus type 1 (EHV1) remained latent in mitral cells after experimental infection of mice (Mori et al. 2004) . Moreover, after experimental inoculation of rabbits, BHV5 is transported retrogradely from the nasal cavity and may be found in the OBs and limbic system (Ludlow et al. 2016) . These findings are in agreement, to what has been described in the present study. Nonetheless, Fig. 2 Analysis of negative samples showed OBs, divided into a ORNs, b GL, and c ML stained with N200 monoclonal antibody whereas OEolfactory epithelium, olfactory receptor neurons, and GL-glomerular layer are represented, respectively. The photomicrography is a representative for all negative OBs analyzed. BHV5 antigen visualization by immunofluorescence performed using monoclonal antibody (BHV5 2F9) against BHV 5 (green) followed by DAPI (blue) counterstain. The photomicrography is a representative for all positive 16 OBs, divided into d ORNs, e GL, and f ML analyzed. The arrows indicate positive label for BHV5 and boxed areas represent viral antigens, ×100 magnification. The negative OB samples are illustrated g ORNs, h GL, and i ML, respectively detection/localization of BHV5 antigens in ORNs and GL of OBs regions has not been described previously.
Despite the fact that TLR9 was the only receptor affected by viral infection, and only animals acutely infected showed high levels of TLR9 transcription, olfactory cortices were not the main brain region of TLR9 detection (Marin et al. 2015) . These findings contrast our results, in which, in addition to OBs, ORNs, and ML regions also presented upregulation of TLRs. Moreover, BHV5 antigens and genomes were also detected in ORNs and GL regions.
In fact, it has been described that olfactory nerve acts as a shortcut for influenza and other viruses into the CNS (Van Riel et al. 2015) and the neuroepithelium for HSV 1 invasion (Shivkumar et al. 2013) . Moreover, defects in TLR3-interferon (IFN) and IFN-responsive pathways were shown to facilitate HSV encephalitis (Verma and Bharti 2017) . Therefore, TLR3-mediate immune response in CNS infection should be considered an important pathway to control neuroinvasion (Verma and Bharti 2017) . In addition, capillaries in the OBs were shown to be susceptible to virusinduced vascular leak and to facilitate neuroinvasion (Winkler et al. 2015) . Recently, a novel role for miR-155 in host defense in a model of viral-induced encephalomyelitis has been supported, by enhancing antiviral T cell responses including cytokine secretion, cytolytic activity, and homing to the CNS in response to coronavirus infection (Dickey et al. 2016 ). In conclusion, miR-155 may play either a hostprotective or damaging role during neuroinflammation, depending on the disease trigger (Pareek et al. 2004 ). Interestingly, BHV5 has been shown to encode different microRNAs when compared with BHV1, which could help to explain the differences in cell/tissue tropism (Tang Qi et al. 2014 ). Taking our results together, we can speculate that ORNs could be the target cells for BHV5 neuroinvasion during natural infections. In, the HSV1 system, it was established a possible link between miR-155 overexpression and susceptibility of the CNS to virus infection (Bhela et al. 2014) in accordance to what has been proposed in the present study. In addition, induction of miR-155 has been recently associated with HSV 1 acute encephalitis in a mouse model (Majer et al. 2017) .
The CNS changes observed during BHV5 infection are composed by an increase of lymphocyte migration during acute, late, or reactivation phases (Cardoso et al. 2016b; Perez et al. 2006) . However, the neuropathogenesis of BHV5 neurological disease is not completely understood. Recently, a pro-inflammatory cytokines profile has been demonstrated and an association with CD3+ T cells was established mainly in the OBs (Cardoso et al. 2016b ). This could help to understand the high levels of miR-155 transcription in this study, since an association of miR-155 with the immune response has been described for another alphaherpesviruses (Bhela et al. 2014) . The importance of miR-155 immune properties has been described in mice Fig. 3 a Detection of viral DNA amplification in ORNs, GL, and ML from olfactory bulbs suspensions collected from positive and negative animals. b Transcription of TLR3, TLR7, TLR9, and miR-155 by qPCR in ORNs, GL, and ML from the same tissue samples. The data is a media (X) plus standard deviation (s.d) of positive and negative samples analyzed infected with a recombinant influenza virus encoding miR-155 in the NS gene segment, resulting in expansion of CD8+ T cells and production of high levels of neutralizing antibodies (Izzard et al. 2017) .
In summary, the overall results obtained in this work suggest that BHV5 is able to regulate the innate immunity by the TLR pathways associated to miR-155 expression in ORNs and ML. These preliminary results can be useful for further studies focusing on the innate immunity against BHV5 neurological infection under in vitro conditions.
